Abstract: A new approach to secoiridoids, based on the synthesis of the key functionalized intermediates 4 and 5, is presented. These compounds were tested in formal [3+3] cycloadditions. Acyl-chloride 15 was transformed into enol α,β-unsaturated ester 16 which was involved in a N-Heterocyclic Carbene rearrangement to give an advanced precursor 17 in the total synthesis of secoiridoids
Introduction
The iridoid monoterpenes represent a large family of cyclopentanopyran natural products.
[1]
They usually occur as glucoside derivatives. Among them loganin is the biosynthetic precursor of secologanin, a secoiridoid playing an important role in the biosynthesis of indole alkaloids. [2] Moreover secologanin is also a key intermediate in the biosynthesis of 2 secoiridoids, such as sweroside, swertiamarin and gentiopicroside. [3] The synthesis of this class of bioactive natural products [4] continues to be an active area of research. Among these compounds, no total synthesis of gentiopicroside [5] has been realized to date, and so, is still a challenge for organic chemists. The main strategies to the access to the 3,4-dihydropyran ring systems of iridoids or secoiridoids are depicted in Scheme 1. G. Büchi's group presented the first synthesis of an iridoid glucoside (loganin) in 1970, the first step of the synthesis was a photochemical [2+2] cycloaddition between 2-formylmalonaldehydic acid methyl ester and a cyclopentene derivative followed by a rearrangment leading to loganin aglycone via an acetalization of the transient formed -di-aldehyde.
[6] Similarly, Grée synthesized (-)-verbenalol and (-)-epiverbenalol by ozonolysis of a diquinane intermediate, which led to the formation of the iridoids. [7] The same strategy was also used by Liao [8] to synthesize (+/-)-forsythide. Chang [9] synthesized secologanoside aglycone and Trost [10] prepared loganine aglycone, respectively.
In fact, R. T. Brown was the first chemist who developed this strategy (oxidation and further acetalization of -di-aldehyde intermediates to form 3, 4-dihydropyran rings).
[11] A second strategy adopted by Tietze relied on an hetero [4+2] cycloaddition reaction as a key step for the convergent synthesis of the ()-sweroside aglycone O-Et. [12] The intramolecular formal [4+2] enamine-enal cycloaddition, first described by Schreiber, [13] has been used for the entry into the iridoid carbon skeleton. He demonstrated that iridoid systems could be obtained by domino enamine Michael addition-acetalisation.
MacMillan [14] took advantage of this strategy in the total synthesis of brasolide and littoralisone using catalytic amount of proline as organocatalyst. Using the same formal [4+2] enamine-enal cycloaddition, similar iridoid scaffolds (without the ester function) were synthesized by C. Garcia's group [15] and J. E. Hofferberth [16] , respectively. More recently D.
W. Lupton used N-heterocyclic carbenes to catalyze rearrangement of , -unsaturated enolesters allowing the access to dihydropyranones possessing the monoterpene skeleton of the iridoid's family. [18] or unsaturated -ketoesters [19] with unsaturated aldehydes under organocatalysis (with proline derivatives). In contrast non-activated -diketones or -ketoesters reacted with unsaturated aldehydes to give cyclopentanones [20] and cyclohexenones, [21] respectively. To the best of our knowledge no formal direct [3+3] 4 cycloaddition between two aldehydes (R 3 = H) was explored in order to get 3,4-dihydropyran scaffolds (Scheme 2).
This study, R 3 = H, E = ester 
Results and Discussion
The Michael acceptor 5 was synthesized starting from D-(-)-manitol. Protection in standard conditions led to diacetonide 1. After an oxidative cleavage, [22] addition of methyl crotonate enolate onto the aldehyde 2 was performed. The alcohol function in 3 was mesylated and eliminated to obtain the ,-unsaturated ester 4 with a 3:2 E:Z ratio (established by NOESY).
However, slow change in the diastereomeric ratio from 3:2 to 8:2 was observed in favor of E isomer over some days even at 0 ℃ . Finally the ester function of the mixture of both diastereoisomers was reduced to alcohol using DIBAL-H then oxidized to afford aldehyde
5.
[23] Oxidation using PCC, [24] MnO 2 [25] or Dess-Martin conditions [26] gave the desired aldehyde 5 in less then 20% yield whereas Parikh-Doering conditions gave the desired aldehyde 5 in 81% yields over two steps.
[23] The Michael acceptor 5 was thus obtained on a gram scale (> 5g) stereoselectively as the thermodynamically more stable E isomer in 34%
overall yield from D-(-)-manitol (Scheme 4). In order to investigate the best conditions for the formal intermolecular [3+3] cycloaddition, reactions between aldehyde 5 and methylacetoacetate 6a or the aldehyde-ester 6b as partners were tested using four different secondary amines derived from proline as catalyst (L-proline, (S)-prolinol, (S)-t-butylester proline, (S)-diaryl prolinol trimethylsilyl ether) [27] (Scheme 5).
With methylacetoacetate 6a (R 1 =Me) as Michael donor, the combination of benzoic acid and diaryl prolinol trimethylsilyl ether 8 as catalyst allowed, after acetylation of the transient hemi-acetal, the formation of dihydropyran 7a. This [3+3] cycloaddition worked moderately and the product 7a was isolated as a mixture of two diastereoisomers in 40% yield. The observed high stereoselectivity (d.r. > 90/10) in favor of syn product could be explained by a cooperative effect between a Felkin control [28] and the chiral (R)-organocatalyst. [27] The relative configuration of the double bond was not unambiguously determined on each isomer. We observed the migration of the vinylic double bond, which could be explained by the protonation of the intermediate enamine at the delta carbon (Scheme 6). Scheme 6. Proposed mechanism for the vinyl migration.
In spite of the moderate yield obtained in the model reaction with crotonaldehyde 6a, we explored the reaction with the aldehyde-ester 6b. Unfortunately, no traces of 3,4-dihydropyran compound (F, pathway I, Scheme 3) could be detected in the crude reaction mixture. At this stage we concluded that the organocatalyzed reaction, for the formal [3+3] cycloaddition between the two aldehydes 5 and 6b did not work. The normal course of the reaction, that is the formation of the unsaturated iminium from enal 5, is overwhelmed by the formation of Z-enamines from the condensation of aldehyde 6b and proline derivatives.
Indeed, we observed, the rapid formation of stable Z-enamines arising from the condensation between aldehyde 6b and the various catalysts.
At this stage we sought to test the feasibility of an intramolecular cycloaddition (Scheme 3, pathway II). Deprotection of acetal 4 was realized in the presence of copper chloride. [29] The primary alcohol function of 9 reacted with formyl-Meldrum acid 10 to give the expected ester 11 which was unambiguously detected as a mixture of two diastereoisomers as major products in the crude. All attempts to purify 11 were unsuccessful. Treatment of the crude in acidic media (NH 4 OAc, TsOH) [30] or with proline gave complex reaction mixtures. In the presence of catalytic amount of MeONa in THF, the Z-isomer of 11 gave the -lactone 13
arising from intramolecular transesterification and left the E-isomer 11 unreacted (Scheme 7). The synthesis began with saponification of the ester 4 with aqueous LiOH to provide the corresponding acid 14 as a 3:1 mixture of diastereoisomers (Scheme 8). The further transformation into acyl-chloride 15 was difficult and standard conditions (SOCl 2 or oxalylchloride) were unsuccessful. Eventually the used of cyanuric chloride which has been described in the literature [31] allowed us to obtain the expected acyl-chloride 15 in moderate yield. It was not purified and directly engaged in the esterification of the aldehyde-ester 6b [16] in the presence of Hünig's base. Some degradation of the product decreased the yield to 16% in this two steps reaction. To our delight treatment of enol-ester 16 with N-HeterocyclicCarbene (NHC, formed by deprotonation of the pyrrolidium salt) as catalyst, provided the lactone 17 in 58% yield as a 3:2 mixture of two diastereoisomers (E-syn/E-anti Once again the migration of the vinyl moiety was observed. We speculate that the migration of the double bond occurred after the 1,4-addition to the activated Michael Nevertheless, precursor 17 could eventually be used further in the synthesis of secologanin, sweroside or gentiopicroside. Actually, it requires several key steps among others, deconjugation of the latter isomerized vinyl moiety [32] in addition to lactonisation and deoxygenation or elimination of the secondary hydroxyl function.
Conclusion
In summary, the synthesis of synthons 4 and 5 has been achieved in excellent yield and should be a valuable tool in the synthesis of secoiridoid derivatives. The formal [3+3] cycloaddition between enal 5 and aldehyde 6b did not provide the expected cycloadduct even if on a model reaction, the 3,4-dihydropyran 7a was formed. The NHC induced rearrangement of unsaturated enol-ester 16 gave access to compound 17 that could be an advanced precursor in the synthesis of different secoiridoids as for example the challenging gentiopicroside.
Experimental Section

General information
All reactions were performed under nitrogen atmosphere. Reagents were all analytically or chemically pure and used without further purification unless specified. Solvents were reagent grade and, when necessary, were purified and dried by standard methods. 1 H NMR and 13 C NMR spectra were recorded on a Bruker 400 spectrometer using 
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